Stem cells are the building blocks of the organism. In the adult, somatic stem cells underlie tissue maintenance and repair. Stem cells can self-renew and give rise to differentiated progeny. The mode of stem cell division will determine whether the stem cell pool expands to give rise to two stem cells (symmetric division), stays the same size by giving rise to one stem cell and one differentiated cell (asymmetric division), or decreases by generating two differentiated daughter cells (symmetric differentiative division) ( Figure 1A ). This decision therefore impacts the type and number of progeny produced and ultimately population dynamics leading to tissue loss or malformation. Symmetric self-renewing divisions often occur to compensate for tissue loss after injury or during regeneration. Importantly, symmetric and asymmetric divisions can occur at the level of individual stem cells or at the population level.
Stem cells are also present in the adult rodent brain, where they sustain lifelong neurogenesis and gliogenesis in two principal areas, the ventricular-subventricular zone (V-SVZ), adjacent to the lateral ventricles, and the subgranular zone (SGZ) in the hippocampal formation. The adult rodent V-SVZ is the largest germinal niche in the brain and gives rise to olfactory bulb interneurons, as well as to glia. The in vivo adult V-SVZ neural stem cells (NSCs) are B1 cells (Chaker et al., 2016) . They express astrocyte markers such as glial fibrillary acidic protein (GFAP) and have a radial morphology, with an apical process and primary cilium in direct contact with the cerebrospinal fluid and a basal process ending on the vasculature. Adult V-SVZ NSCs enter quiescence (qNSCs) in mid-embryogenesis and remain largely dormant until they become activated (aNSCs) in the adult. aNSCs divide to give rise to rapidly dividing transit amplifying cells (type C cells), which in turn undergo several rounds of division before generating neuroblasts that migrate to the olfactory bulb (Chaker et al., 2016) .
During embryonic brain development, radial glia are the primary progenitors and predominantly undergo asymmetric division to generate neurons directly or via intermediate progenitors (Noctor et al., 2004) . As such, it has long been thought that under homeostasis adult NSCs also undergo invariant asymmetric cell divisions as the main division strategy to maintain the stem cell pool and continuously generate differentiated progeny. However, the mode of in vivo adult V-SVZ NSC division has been largely unexplored. Obernier and colleagues used different clonal lineage-tracing methods and ex vivo imaging to show that, unexpectedly, in the adult V-SVZ, symmetric divisions are the primary mode of division, with about 20% of NSCs undergoing symmetric self-renewing divisions to give rise to two stem cells and 80% symmetric differentiative consuming divisions to generate type C cells ( Figure 1B ). These findings shed new light on adult neural stem cell dynamics in vivo.
To selectively trace adult V-SVZ NSCs, Obernier et al. utilized different lines of hGFAP promoter-driven mice to target GFAP+ stem cells in vivo, using either the RCAS-TVA viral system or inducible crelox-based lineage tracing. In the RCAS approach, GFAP+ cells express TVA, an avian retrovirus receptor in hGFAP::Tva mice, allowing transduction of dividing GFAP+ cells with the avian retrovirus RCAS. Importantly, only one daughter cell incorporates the virus during mitosis, allowing the fate of just one daughter cell to be followed. At short times after transduction at postnatal day 21 (P21), the majority of clusters (75%) were composed only of C cells, which then gave rise to neuroblasts. About 25% of clusters contained either a single NSC with a radial morphology, indicating that the original stem cell had undergone a self-renewing division, or pairs of NSCs, indicating two rounds of symmetric self-renewing divisions. The same was observed at later time points (14-30 days later), indicating that NSCs can divide again to self-renew or undergo consuming differentiative divisions. They also detected occasional mixed NSC/type C cell clusters, which could be due either to asynchronous reactivation of one NSC in a pair or to asymmetric division.
Obernier et al. then used inducible crebased lineage tracing of GFAP+ cells to visualize the morphology and follow the fate of both daughter cells, in combination with bromodeoxyuridine (BrdU) labeling to identify recently divided cells. With this alternative strategy, they again found that, after induction at P21, the majority of clusters comprised only BrdU+ type C cells and were devoid of NSCs, and only 20% of clones consisted of a single NSC or pairs of NSCs. Similar patterns of consuming or self-renewing symmetric NSC divisions were also detected after induction at P60 or P180, albeit with lower numbers, suggesting that these modes of division are also maintained at later adult stages. Interestingly, although the number of B1 cells contacting the ventricle declines with aging (Chaker et al., 2016) , the levels of neurogenesis did not decline with the same kinetics.
V-SVZ lineages have been examined in dissociated cultures (Costa et al., 2011; Apostolopoulou et al., 2017) ; however, the location and morphology of dividing cells in intact tissue provide important information about their identity and their dynamics. To directly visualize NSC division, Obernier et al. performed ex vivo time-lapse imaging in whole-mount preparations using a mouse model that allows both visualization of dynamic changes of cell morphology and cell-cycle status of induced NSCs. This revealed that radial B1 cells with an apical process undergo symmetric self-renewing divisions, with many re-growing a long basal process after division. Importantly, NSC behavior is not uniform. Some radial cells retracted their basal processes during division and later gave rise to two daughter cells without basal processes, and likely correspond to consuming divisions. Moreover, most RCAS-GFP+ radial B1 cells contacted the lateral ventricle via an apical process. However, a small proportion of radial GFP+ cells had a long basal process, but did not contact the lateral ventricle; their number increased over time, suggesting that B1 cells give rise to non-apical NSCs. Thus, while both types of radial cells were considered self-renewed NSCs, the distinction in their morphologies may reflect different cell division histories and potential.
Label-retaining cells (LRCs) are slow cycling putative stem cells. Obernier et al. report both apical contacting and non-apical contacting LRCs. The nonapical LRCs were similar to B2 cells previously described at the ultrastructural level (Doetsch et al., 1997) and had a primary cilium located basally away from the ventricle. Putting all of the findings together, B1 cells likely generate B2 cells, which may serve as a second longterm neurogenic pool of NSCs. While the exact lineage relationships of the NSCs described here, based on their morphology, location, or ultrastuctural features, still need to be elucidated, as well as their respective contributions to neurogenesis, Obernier et al. showed that RCAS-GFP-labeled stem cells gave rise to new olfactory neurons up to at least 4 months later, suggesting that not all NSCs are exhausted rapidly, as has previously been proposed (reviewed in Chaker et al., 2016) . Future analysis of proliferation dynamics will be key to defining how many times NSCs enter and exit quiescence over longer periods of time.
In sum, in contrast to current thinking in the adult NSC field, this study reveals that under homeostasis, adult V-SVZ NSCs largely undergo symmetric divisions, generating either two NSCs or two type C cells, rather than asymmetric division, to sustain neurogenesis.
These findings open the door to many exciting questions about stem cell dynamics and heterogeneity in the adult V-SVZ. The V-SVZ is highly complex and NSCs exhibit heterogeneity at several levels. They exist in quiescent and activated states, and have diverse morphologies and ultrastructural differences. They also have a regional identity that dictates the type of olfactory bulb interneuron progeny or glial progeny they generate (Chaker et al., 2016) . Adult NSCs integrate both local and longrange cues to either maintain quiescence or undergo activation. As such, it will be important to define whether the self-renewing versus differentiative NSC divisions described by Obernier and colleagues reflect intrinsic differences A stem cell can undergo symmetric self-renewal, giving rise to two identical daughter stem cells; asymmetric division to give rise to one stem cell and a more differentiated cell; or symmetric differentiative/consuming division to generate two differentiated daughters. (B) Obernier et al. (2018) show that in the adult V-SVZ, under normal conditions (homeostasis) NSCs divide symmetrically, with the majority (80%) generating two non-stem cell progeny, and 20% self-renewing to give rise to two NSCs. (C) Open questions to explore in light of V-SVZ stem cell heterogeneity. The adult V-SVZ niche is heterogeneous and spatially distinct pools of NSCs give rise to different interneuron subtypes or glia. Both intrinsic and extrinsic factors regulate V-SVZ NSC behavior. What are the dynamics of stem cell division in different states, during aging, and in regionally distinct pools of adult V-SVZ NSCs? in individual NSCs, are the result of extrinsic signals ( Figure 1C) , and/or as recently proposed, are the result of niche availability (Basak et al., 2018) . In the future, it will also be important to examine whether all pools of regionally distinct NSCs display the same symmetric patterns of division, and whether neuronal and glial lineages exhibit similar modes of division. Moreover, do different states such as regeneration and injury, and natural aging, where bursts of proliferation occur, influence the types of division, and do asymmetric divisions occur in these states ( Figure 1C) ? Indeed, it is still unclear whether different pools of NSCs respond to injury or if individual stem cells exhibit plasticity triggered by external cues, and whether different pools of NSCs are depleted with aging (Chaker et al., 2016; Apostolopoulou et al., 2017) . These proliferative bursts could correspond to recruitment of qNSC pools or to shifts in the modes of NSC division.
Finally, another central question is whether after a symmetric NSC selfrenewing division the daughter cells are identical to the mother NSC, and to each other. An intriguing observation in this paper is the different morphologies of NSCs observed after self-renewing cell division, including apical and nonapical contacting NSCs and LRCs. A key question is how cell division history impacts the mode of NSC division. As such, do the different types of NSCs reflect NSCs with different division histories, with apical contacting NSCs at an earlier stage? All NSCs labeled with the RCAS viral strategy have undergone cell division. It will be interesting to see whether NSCs that have become activated and return to quiescence (Basak et al., 2018) have the same behavior as NSCs that have been dormant since late embryogenesis, or whether they are more prone to generate type C cells over time. Mapping morphologically distinct NSCs onto those described at the ultrastructural level will also be important. Indeed, qNSCs have a unique ultrastructure, including a deeply invaginated nucleus and nuclear envelope-limited chromatin sheets (ELCSs) (Doetsch et al., 1997; Cebriá n-Silla et al., 2017) . However, after division, they lose these ELCSs, suggesting that they undergo an important switch in their state. Future long-term time-lapse imaging in vivo, as has recently been implemented in the hippocampus (Pilz et al., 2018) , as well as lineage tracing with markers that distinguish NSCs with different cell division histories, will be key next steps. It will also resolve whether mixed clones of NSCs and type C cells reflect asynchronous activation of NSCs as suggested by the authors, or some asymmetric divisions. Although challenging, they will yield insight into kinetics, mode of division, and lineage relationships of V-SVZ NSCs, including cell death or stem cell exhaustion.
The predominance of symmetric NSC division in the adult V-SVZ described by Obernier et al. has interesting consequences for stem cell dynamics and regulation. First, it highlights the important role of symmetric stem cell division under homeostasis, and not just after injury, as is emerging in multiple organs. By reducing the number of NSC divisions, fewer mutations are acquired with replication. Moreover, it potentially provides a tunable regulation of stem cell number, allowing the needs of olfactory bulb neurogenesis to be met in a dynamic manner, and may explain the decline in NSC number over time.
This study yields novel insight into adult V-SVZ NSC division in vivo. In an era of single-cell profiling, it provides an important piece of the puzzle for future illumination of stem cell heterogeneity and defining how molecularly distinct NSC subtypes can be functionally linked to their morphology, ultrastructure, and in vivo dynamics.
